The effects of drying time during freeze-drying on the outermost cell surface of an encapsulated strain of Staphylococcus aureus S-7 (Smith, diffuse) were investigated, with special attention paid to capsule and slime production. To quantify capsule and slime production, capsule antigen production and cellular characteristics such as growth type in serum-soft agar, cell volume index, and clumping factor reaction were examined. After freeze-drying the colonial morphology of strain S-7 was altered from a diffuse to a compact type in serum-soft agar. In accordance with these changes, the titer of the clumping factor reaction increased while the cell volume index, capsule and slime production, and capsule antigen production were markedly decreased in parallel with the period of freeze-drying. The ability of the strain to adhere to collagen, fibrinogen, and soybean lectin was also compared before and after freeze-drying. Fibrinogen levels slightly increased when 10% skim milk and 2% honey were used as cryoprotective agents and showed a remarkable increase when 0.05 M phosphate buffer was used as a control. Also, the ability of strain S-7 to adhere to soybean lectin declined, whereas no changes were observed for collagen under any conditions. Strain S-7 was phage nontypable before freeze-drying but the number of typable cells increased after freeze-drying; phage-typable cells reacted to phage 52 alone after 5 h of freeze-drying, but additional cells also proved to be phage typable to phage 42E after 10 h. Electron micrographs indicated that strain S-7, an encapsulated strain, was converted to an unencapsulated state after freeze-drying. Results of our study indicate that the freeze-drying process inhibits capsule and slime production in S. aureus, which consequently brings about changes in the outermost cell surface.
In many studies the effects of freezing and freeze-drying on the cell surfaces of various microorganisms have been examined; however, most of them were concerned with injury to the cell membrane (2, 6) or cell wall (8, 24, 25) , and there have been few reports on the effects of drying time during freeze-drying on capsule or slime biosynthesis. Attention has recently been focused on material outside the cell wall, collectively known as glycocalyces (3) , which include the capsule and slime. Other studies have revealed how such materials interact with the host cell (4, 7) .
Encapsulated strains of Staphylococcus aureus have been shown to be important for virulence; the slime or capsule of the strains has been studied in terms of infection, immunity (14, 21, 34-36, 39, 42, 43) , and adherence (15, 36) . However, surface materials are often lost in the process of preservation, as with other encapsulated bacteria (26) . We have previously reported on changes in biological activity and serological properties in encapsulated strains of S. aureus after 10 years of freeze-drying preservation (41) and the possible loss of capsules or slime (17) . However, changes in the outermost-cell-surface properties of microbes caused by freeze-drying have not been elucidated previously. In this report we discuss changes which occurred on the outermost cell surface of an encapsulated strain of S. aureus after preservation by freeze-drying, with particular consideration given to the biological properties, capsule and slime production (CSP), capsule antigen production, adherence ability, and phage typability.
MATERIALS AND METHODS
Microorganism. An encapsulated strain of S. aureus, S-7 (Smith diffuse), was selected for this study (18, 20) . Strain * Corresponding author. S-7 was positive for coagulase, phosphatase, DNase, and mannitol fermentation; but it was negative for the clumping factor reaction (CFR). It showed diffuse growth in serumsoft agar (SSA) and was phage nontypable. Electron micrographs showed that S-7 has a zone of an oval to round polymorphous vesicular structure in its outermost layer; this is covered with a capsule layer with a zone of high electron density (see Fig. 3a) .
Procedure for conversion experiments of freeze-dried cells in SSA. The proportion of strain S-7 that changed from a compact to a diffuse colony morphology in SSA (conversion amount) after freeze-drying was determined by a previously described method (20) . S-7 organisms were cultured in brain heart infusion (BHI) medium (Difco Laboratories, Detroit, Mich.) for 16 h (late log phase) and centrifuged at 8,000 x g. They were then harvested, and 106 cells were suspended in 0.05 M phosphate buffer as controls and in two different cryoprotectant solutions (10% nonfat skim milk [Difco] and 2% honey [commercial honey from lotus-flower; Meiji Co.
Ltd., Tokyo, Japan]) (11, 38) that are generally used as cryoprotectant agents by freeze-drying. The cells were then sterilized by tyndallization by the method of Ohtomo et al. (17) . Then, 0.5 ml of each of these solutions was poured into ampoules (14 by 12 mm). The ampoules were frozen rapidly in dry ice (-50°C) for 1 to 2 min and then lyophilized for 5 to 48 h in a freeze-dryer (type N-77; Shimadzu Co., Ltd., Tokyo, Japan) at 10-2 to 10' torr (mm Hg; 13.33 to 1.333 Pa). After drying, 1 ml of sterile saline solution was added to each ampoule to regenerate cultures, and 0.1 ml of the culture was mixed with 0.1 ml of normal rabbit serum, which was sterilized by membrane filtration (pore size, 0.45 nm; Millipore Corp., Bedford, Mass.), and 10 ml of BHI broth containing 0.15% agar. The cultures were then cooled at 4°C for 30 min and incubated at 37°C for 18 h. Cultures that were S. AUREUS CELL SURFACE CHANGES AFTER FREEZE-DRYING not freeze-dried were also prepared as controls. Colony morphology in SSA was record.
Determination of CFR and cell volume index. The CFR and cell volume index (CVI) of the cells were determined to observe changes in surface cell morphology caused by lyophilization by a previously described method (20) . The relative clumping factor titer was defined as the highest dilution of organisms which caused clumping, as described previously (20) . The CVI of the organisms was determined as described below. Cells were harvested after 16 h of growth at 37°C in plates containing BHI medium. Five milliliters of the cell suspension in sterile saline was placed into Hopkins tubes and centrifuged at 3,000 x g at 4°C for 30 min. Readings were taken with vernier calipers, and the height of the column of the packed cells was recorded, in millimeters. Also the number of CFU was estimated from plates made from the packed cells, which were shaken with glass beads (outer diameter, 10 to 20 mm) in sterile 25-ml flasks. CVI was calculated by the following formula: [packed cell volume (milliliters)/CFU] x 101'.
Viable cell count. After the freeze-dried cells were suspended in sterile saline, the average viable cell count of both sets of organisms was made in triplicate in mannitol-salt agar (Difco) by a previously described method (17) .
Quantification of CSP after freeze-drying. Surface material of strain S-7 cultures after freeze-drying was quantified by a previously described method (20) . The organisms were grown at 37°C for 18 h in 5 liters of BHI medium and dialyzed against 5 volumes of distilled water overnight at 4°C. The organisms were then centrifuged at 10,000 x g for 15 min at 4°C, 5 g (wet weight) of cells was suspended in 20 ml of potassium phthalate-sodium hydroxide buffer (pH 4.0) containing 3 g of glass beads (outer diameter, 1.00 to 1.05 mm; Glasperlen; B. Braun Melsungen Apparatebau) and blended in a vortex mixer (Taiyo Bussan Co., Ltd., Tokyo) for 3 min at 4°C, and the cell debris was separated with a sintered glass filter. The filtrate was centrifuged at 12,000 x g for 20 min at 4°C. The supernatant was dialyzed against distilled water for 48 h, lyophilized, and weighed. Also, for the quantitation of surface materials, values were considered to be the mean ± standard error of the means of three experiments. CAP determined by adsorption of anticapsular activities in sera. CAP was determined by a previously described method (40) . Various freeze-dried cells were cultured in BHI medium at 37°C for 18 h. The cells were harvested by centrifugation at 8,000 x g at 4°C and then lyophilized and weighed. They were combined with rabbit antiserum containing 1 U of activity against lyophilized cells, and the minimum number of organisms capable of complete adsorption of serum activity of diffuse to compact strains in SSA was measured. A total of 2, 4, 8, 16, 32, 64, and 128 mg of lyophilized organisms were added to 1.0 ml of anticapsular rabbit serum. These mixtures were kept at 37°C for 3 h and then centrifuged at 7,000 x g for 15 min to remove the organisms. The supernatant was then applied to SSA by the technique described above. The conversion activities of the growth types of strain S-7 in SSA (which contained 1 (16) , and observed in an electron microscope (model 10OB; Japan Optics Co. Ltd., Tokyo, Japan). S-7 cells that did not undergo freeze-drying were prepared in the same way, for comparison.
RESULTS
Morphological changes in SSA. All cells of the encapsulated S-7 strain were of the diffuse type in SSA before they were freeze-dried, and the viable cell count was on the order of 106. However, 21% of the cells suspended without a cryoprotectant changed from a diffuse to a compact growth type after 10 h, and the frequency of conversion increased to 75% after 24 h. In the meantime, the viable cell count decreased. The conversion frequency in the cells that were processed with 10% skim milk and 2% honey as cryoprotection agents was lower than that in the control (0.05 M phosphate buffer); it changed from 10 to 50% after 5 to 24 h ( Table 1) .
Effect of freeze-drying on CFR and CVI. The encapsulated strain of S. aureus showed no CFR in fibrinogen or plasma.
However, CFR in S-7 started to increase after 10 h of freeze-drying and reached 1:512 after 24 h (Fig. 1) . As CFR increased, the ratio of conversion from a diffuse to a compact growth type in SSA averaged 50 to 70%, depending on the cryoprotection agent used ( Effects of freeze-drying on CAP. Organisms that were freeze-dried for different lengths of time were cultured in BHI medium, and their anticapsular sera were adsorbed to observe the conversion from a diffuse to a compact type of growth in SSA. The amount of absorption was 4.0 ± 2.0 mg before freeze-drying; but it increased to 8.0 ± 4.0, 16.0 + 4.0, and 64 ± 8.0 mg after 5, 10, and 24 h of freeze-drying, respectively, demonstrating a correlation between the amount of adsorption and the freeze-drying period (data not shown).
Effects of freeze-drying on adhesion to fibrinogen, lectin, and collagen. The cells were cultured in different ways to compare the adhesion of strain S-7 to different polymers. One group was freeze-dried with 0.05 M phosphate buffer (control); two other groups were freeze-dried with 10% skim milk and with 2% honey as cryoprotection agents. In the first group (0.05 M phosphate buffer), adhesion to fibrinogen increased, but adhesion to lectin decreased. There was little change in adhesion to collagen in the first group after 5 to 24 h of freeze-drying. The two groups that were freeze-dried with different cryoprotectants also showed increased adhesion to fibrinogen, although the levels were not as high as that in the control group. Adhesion to lectin gradually declined in both groups that were freeze-dried with cryoprotectants, whereas there was almost no change in adhesion to collagen in either group that was freeze-dried with cryoprotectant, regardless of the drying time (Fig. 2) .
Effect of freeze-drying on phage sensitivity. Freeze-dried organisms were cultured in BHI agar, and 30 of the colonies were selected at random and tested for phage type. Before freeze-drying cells reacted as phage nontypable when tested with an international phage typing set. However, after 5 h of freeze-drying, 5 of 30 colonies (16%) proved to be typable to phage 52. From 10 to 24 h, they also became typable to phage 42E. At 24 h, approximately 90% of the colonies were typable to both phage 52 and 42E (Table 2) . Electron microscopic observation of strain S-7 before and after freeze-drying. When strain S-7, which was freeze-dried for 10 h, was cultured in BHI medium and incubated at 37°C for 16 h, capsule or slime materials were not seen on the cell surface (Fig. 3b) . However, capsule or slime formation was observed in cells that were grown with the control treatment (0.05 M phophate buffer) without freeze-drying (Fig. 3a) .
DISCUSSION
In many studies the mechanisms of damage to frozen or freeze-dried cells, such as injury to cytoplasmic and outer membrane integrity (2, 6, 24, 25) , disruption of active transport and protein synthesis (8, 9, 30) , damage to DNA (22, 27, 28, 37) , and disruption of cell morphology (5, 10) , have been reported.
We examined the effects of drying time during freezedrying on the cell surface of an encapsulated strain of S. aureus, with particular attention paid to CSP. Cell surface changes were evaluated by comparison with results of previous studies done with the encapsulated strain of S. aureus, S-7 (20, 39, 42) . Studies of cellular characteristics such as colony morphology in SSA, CFR, CVI, capsule antigen production, and phage sensitivity revealed that strain S-7 turned from an encapsulated type to an unencapsulated type after it was freeze-dried.
No investigators have pointed out that adhesion characteristics are affected by changes in the outermost cell surface after freeze-drying. Thus, our finding that adhesion of fibrinogen and soybean lectin in the freeze-dried cells was markedly different than that in nontreated cells indicates that there are additional changes in cell surface properties. Adhesion with soybean lectin, in particular, is likely to be affected by changes in the receptor because of cellular damage on the cell surface polysaccharide (14, 35) . It is known that the unencapsulated strain does not contain N-acetylgalactosamine in the cell surface fraction (14, 19) . Also, the ability of the encapsulated strain S-7 to adhere to fibrinogen increased after freeze-drying treatment. This may be a result of exposure of surface components that bind differently to the different cell surfaces (15) .
In the process of freeze-drying, drying is known to adversely affect organisms; viable cell count declines markedly when intracellularly bound water is dehydrated (6, 8, 23) , which is probably caused by damage to the permeability of the cytoplasmic membrane (30) and denaturation or conformational change of enzyme and protein (6) . Results of this study demonstrated that as the lyophilization time increased, the number of viable cells declined, and at the same time, more changes were observed on the cell surface. These data suggest that the rehydration of bacterial cells can introduce various types of variation, such as metabolic injury or genetic damage (27) . In our previous studies (17) of changes of colony morphology in SSA, we showed that drying affects cells more than freezing does. We suspect that drying substantially affects the outermost cell surface, but it is necessary to examine precisely how drying affects the cell surface, especially capsule or slime, compared with the effects of freezing. Further studies are needed, however, to determine whether dehydration affects capsule or slime biosynthesis on the plasmid and chromosome at the genetic control level (16, 31) or whether it injures the cell membrane and cell wall (23, 30) .
We have already reported that CSP is inhibited by hightemperature cultivation (13) or the addition of bile acid derivative (12, 20) . Loss of CSP because of freeze-drying is an important issue because it affects the maintenance of morphological stability during the preservation of microorganisms (1, 8, 26, 29) . The biological significance of capsule or slime has attracted attention in various fields recently (3, 4, 7) . Freezing with a cryoprotection agent and drying have traditionally meant that the cell walls and membrane are protected (8, 33) . We found that use of different cryoprotection agents (10% skim milk and 2% honey) results in different levels of cell surface stability, which indicates that selection of a proper cryoprotection agent determines how well the cell surface can be preserved. Additionally, for the successful preservation of encapsulated bacterial strains, a number of problems remain to be solved to maintain stability and high product yield, for example, for the preservation of stock cultures for vaccine production (5).
The encapsulated strain of S. aureus is known to be phage nontypable (39) . Nevertheless, Sompolinski et al. (32) have reported that the encapsulated strains of S. aureus become phage typable in the presence of calcium chloride. In our study, the phage-nontypable strain S-7 became typable with the prolongation of the lyophilization time; after 5 h, some cells of S-7 were typable to phage 52, and after 10 h many cells were also typable to phage 42E. This demonstrates that there is restricted capsule production on the surface of cells, as well as changes in the phage receptor, after prolonged periods of lyophilization.
In conclusion, results of this study indicate that freezedrying affects the cell surface of the encapsulated strain of S. aureus, particularly CSP. This finding will be valuable for studying the mechanisms of capsule or slime biosynthesis and the conditions necessary for maintaining a stable outermost cell surface. The mechanism of how CSP is inhibited by freeze-drying in S. aureus is currently under investigation in our laboratory.
